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AUSTRACn*: Th$.' th<»rtna] and electrical cifjndi-ctivity of 
reffins can be increased by edcHne '^^xiductlve c^srbon filU^rs. 
One einei'AiML market for ilierinallv and eiectncaily coriduc- 
tive I'esins is for bipolar pJales tor use in fuel cells, in. this 
si'j dy, varying iin^.oiintis of five differ-mt types of carVt^n, oiv:? 
carbon bl-iack, tv/o synthecic jjraphitefv one nahiral tlak'3 
grapl'itey Atid one cakirie-A needle coke, were added to Vec- 
tra A950RX Licjuid Crystal Polymer. I'iie resulting coinpos- 
Ites conlaiiiing 0--ily ovte type of Hller xvere Qie.u l-esf.ed fo/ 
fhermaJ and elecXrical co.tid\icci'sdty. The objective of iKis 



work vv'as; to determine vvhicli carbon, filler produced a com- 
posite with tiie highesJt thermal and electrical conduciivib/. 
The resaiis showed tiiyt coxiiposite:-? coi'tainiiig llieiii'iocarb 
TC-SOO syntbetic graprjte pdrtldes had ihs highesi lliermai 
<in3 elecfdcsl condiicf.iv.Uy. (i^^ W):} Wiley tV-fioditsis, j .Apr;; 
f'oivvn Sci 59: iS.62"i'5'>i^, 2006 

Key woxds; con^posiles; Lhermi:! properties; Q'lfcM'nioplsiit.ics; 
e lectrica I conducli\i fcy 



INTRODUCriON 

Most polvn\er resins are themtaiiv aiid electrically 
insulating. Increasing the therrr.al and electrical con- 
(liicbivdly of tlu-sje resins allov/s the-xi to hn vtsed ht 
other appllcatioiKS. One e:n\erelrsfi: tnarket for liier- 
maily and electrically conductive resins is for bipolar 
plates for use irj hi^i cells. The bipokr plate separates 
one cei.1 frox-x tlx; xiext, wxih :J:ii$i plate carryip.g i\y<j:rc:- 
gen ga>; on one side and aiv (oxygen.) on the oilier side. 
Bipolar plates require hi^ thermal and electrical con- 
ductivity {to condisct heat and to minimize ohnxic 
losses), low gas peroaeabiJiiy, and good di-xteiisioxial 

If 

TvDical thermal conducti^iiv values for some com- 
mon ni;3iterials are 0.2.-- 0.3 for polymers, 234 for aLu- 
rnin-im, 400 for copper, arid 600 for graphite (ail val- 
ue's in. VV/nxK). Electrical resislivlty (l/electri<:al con- 
ducti^aty) values in ll-cm for various materials are 
typically lO '^-lO ''^ for polymers, 10"^ for carbon black, 
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10"^-"10 "^ for high pxiri iy sviitljetic graphit^v and 10 "^ 
for metals such a? alunuraun ac\d. copper. Oie ap- 
proach to iisiprove the electrical and ti\ermal conduc- 
^Viky of a poUrmer is through the addition of a con- 
du<.tive filler mat(;rial, such as aicbon and metal.-^"^^ 
Curretvtly, a sitigle type of graplnte powder Is typi- 
cally used ip. thennosettii^g resins (often a vinyl ester) 
to produce a therni.aily anci electrically conductive 
bipoliir plate xixateriaK'*^"'''* Thermosetting resins Cixn- 
not be remeited. 

In this worky researchers performed compounding 
runs folioweci by iniection molding of carbon Slied 
Vectra A950]'<X, Vectra Is a th-:?.rxn.op]iiStlc that ca-x be 
remelied and ti^;^^d again.. One carbor. black, two sy^ri- 
thetic grapMtes, one natural f-ake graphite, and one 
calcined needle coke were studied. Characterization 
tests for materiiils inclxaded volumetric electrical resis- 
tivity, thermal conductivityy and optical niicxoscopy to 
deter:nine the filler orientation. Tlie goal of tlus project 
was to determhie v/hich carbon filler produced a com- 
po$;ite with the highest thermal and electrical conduc- 
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tivity. 



Materials a.nd expexxmemtaE meihodvS 
Materials 

The m^itrix used for this project was I'icona's Vectra 
A950KX Liquid Cry<;ii5l Polymer (iJCP'h which. a 
]\ig]-ily ordered thersnoplasiic copolymer co-xslsting of 
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TABLE I 
Froperliesf o£ Ticotia's Yectxa 



a 



A9SORX (20) 



Melting point 

Tensile Eaodulus (Imm/min) 
Tei^^sik S'XHSS hx bie^jk (Sau/A/miJi) 
TettMJe slrsirs j?1 brc^ik {oiY;m/»?Jx\) 
F;eKi3rrJ T^iodulu:; at ZiXI 
Noichect i2C-i impact streisjjiii at 

Density a:. 23^C 

Surface electrical reyistivity 
'Th(itu\^l coiiductivily at 23"C 
Hiuiiidily ab&oxTyUoii (2.3"C/50% 

rtt;> 

Mold .5hrjnkiage para5Iel 
}Aold {shrinkage-nocmal 
CoefiideiU of iiiiear tlieraxaJ 

exp/irvsiori-pc^^/alki 
CcH-;?nd«rit 0/ iwu'rar t;un7«aJ 

expar*sioTi— -nornisl 



2oO'C 
10,6 G?a 

1 S2MPa 

3.4% 

95 KJ/rrt^- 
i 40 i;/cc 

10-* a 

0.2 W/mK (approx) 
0.03 w* % 

0.0% 
0.7% 

0 1>4 X 10" V'*C 

03 X io'V'h: 



73 mol % hv-droxybenzoic add (MBA) and 23 niol % 
bydroxyna|isthc)Iic acid (HNfA). Hiis LCF has the 
pt'operties netted for bipolar plates?, iiamely hig^i di- 
mensiorial siabilitv up to a temperature of ex- 
trenvely short molding times (otter: 5-10 s), excep- 
tiosxail dix?xt:n$;jonc3l rej>r<>iiudbili:ty, dieixsically reas- 
tant in acidic: eavirorsnietxLs prasexit is^ a fuel cell, aad 
a iovv' hydrogen gas peraaeation rate.^^''^' The proper- 
ties of this polymer are shown in I'abie I/^* 

"Hie fiv^t filler ixsed in. Ihijs shidy was Kei^esxblacl: 
EC-600 ID, which was prioiarily used to improve com- 
posite electrical conduclivily. This is ar. electrically 
conductive carbon blr:ck available from Akzo Nobel, 
hxc, Use highly brax-ched, high stuiiKie area c:i5:rb>-\ 
black .structure allows il to coiitaci a large amoxjnt oi: 
polymer, which results in irivproved electrical conduc- 
tivity at low carbon black concentrations (often 5-7 wt 
%). 'h\e p:cop':.>rtie$; of Keijenblack Y^C-^OO jD are giv»:?r: 
in Table IL^ The carbon blac:k Ls In the form of pellets 
that are 100 /jim-2 mm in size and. upon mixing into a 
polymer, erssily separate into primary aggregates 30- 
KH) nm long,"^"' 

fable III .shows t]\e propertie.s o£ the s>'nLhetic 
graphites, natural flake graphite, ar^d calcined coke 
ijiied.^^ Two iiifferent sv-ntheti'c graphites from Asbuiy 
Carbosi?; were stu-iieii: I'ixermocarb TO500 (previ- 
ously sold by Conoco) and grade 4012. T!\ese $yntl\etic 
graphites have excellent thermal and electrical con- 
ductivity. Grade 4012 has been successf\illy used in 
thenxiosHrtdng vinyl ester resirxs for bipolar plate* in 
t]\e past.^^ Tlnerrnocarb TC-300 i? produced by non- 
conventional tliermal processing and contai:\s less im- 
purities than grade 4012.^*^ One nataraJ. flake graphite 
grade from Asbury Carbons was ustxL This Qake 
^raplute is a naturaUy occurring: niljieral. C^ie Asbory 



Carbons' calcined needle coke F108A was usc^ as 
filler. Calcined needle coke is produced from, a Aer- 
maliy lreat^:d highly aromatic petroleum feetis^tock 
and 1* typically calcitied at --laSOX. Altl-ioagh cal- 
cined needle coke is a conductive carbon, it does not 
have a graphitic crystalline stn.icture. Natural flake 
graphite; and sy:tithetic graplvite grade 4012 ax-d Ilujr-- 
rnocarb TC-300 do Ixave a graphitic (nr/sialline .struc- 
ture, which is-icreases their t]\ermal and electrical con- 
ductivity above that of calcined petroleum coke {an 
amorphous carbon material).'''*^"'''*^ 

H-ertnal atKl eki:trical ccxtidxjctivity were measured 
on compcjsites: containing varying amounts of these 
carbon fillers in Vectra A950KX. The concentrations 
{shown in wt % and the corresponding vol %) for 
tiiese? -sifigk; iHlIer cc:>:nposltes iire sircrivn iti Tal)le IV. 
Prior work in r.ylon 6,6 and. polycarbonate ha^; showr. 
that the concentradons selected for these fiUers Vvili 
yield hii^hiy thermally and eiectricaily conductive res- 
ins/^'^'^^For bipokr platt: ajjplicatiofxs, typically 60-70 
wt % graphite used/*^ Oi'ten 5-7 wt % of Ketjenblack 
EC-600 jb is added to a polyn\er to dramatically im- 
prove the composite electrica]. condxictivity. The max- 
in\u:n a3X:0U!\t of :fO?tjexiblack EC-600 J D lhat coiild be 
extruded a{\d injection molded into lest specin^ea';; 
was 15 wt ?^. At higher concentrations of titis carbon 
black, the material iiJ too viscous. To the authors' 
kriowlecige, this is ihe first time in the open literature 
tltat Oriese fillers; have been used in Vecrra A950RX to 
produce a thermally and electrically conductive resin. 

Teftl specimen fabrication 

For this entire project, tl\e filies-s Vv'ere used as re- 
ceived. Vecira A950a<;< v/as drkd in an indirect heated 
deKumidifyi:tTg drylsig oven at 150''C aeul then stored 
in n\oisture barrier bags. 

The extruder used was an American Leistritz Ex- 
tnider Corp. Model ZSE 27. 1'his extruder has a 27 mm 
corotatitig ieTtermeshing twixj screw with 10 zones an.d 
a lengtli/diam^er ratio of 40. Rgure \ shows the 
screw design. It is'as chosen to allow a large concen- 
tration of filler to mix with the matrix- material and to 
a].low maxinwim possible cond\ictivity. 'ri\e Vectra 
polymer p>eUeLs were introduced m Zone. 1. A .side 



TABLE II 

ProperticfS of Akzo Nobel Ketj^rnblack F:C-600 JD (22) 



Electrical resistivity 
Aggregate siie 
Spttcific gvavity 
Apparent bulk density 
Ash concent, nxzx 
Moisture, max 
B£T surface area 
Pore volume 



0.01-0.1 a-on 
30-100 am 

100-120 kg/iTi^ 
0.1 wt % 
0^ wt % 
1250 
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er 



Ash (-v\t %) 
j^uifur (wt %) 
Density (jj/cc) 

i7;ermi:>J cor^d.uctivity at 23''C 
:W/irjK;i 

Electrical resisiiviiy oi bulk 
cssrbori powder at 150 psi, 
23''C, parallel to pressijig 
axis (Xi-cn-i) 

Particle shape 

Particle aspect ratio 

Sieve anaivsis (vvt %) 



+ 3CG ^tm 

+ 180 ,am 
-t*150 i-nix 
—150 am 
-;-75 ftm 
•T-44 ;i,iri 
—44 /i.lYi 



TABLE 10 

Fiopexties isi Graphite and Calcined Coke (23) 

Thenr-ocarb 



»yr.tiietic graphii 



99.91 . 
<0.1 

0.004 

2.24 

600 in "a" 
cryst/3J.log;.v:phic 
direction 
0.020 



4012 synthetic 
graphite 



3160 natural flake 
grapliite 



99.6? 
<0o 
<0.1 
2.24 

600 (approx) its ''a'' 
crystaliographic 
direction 
0.Q21 



99.30 
0.7 
<G.i 
Z24 
6CK) (approx) in 
cxystaUogi'aphic 
direction 
0.046 



Caidned needle 
coke FIGSA 



99.10 
0.3 
0.5 



10-20 (appi'ox) 
alo/^g sxial 
directior! 
0.05^3 



adcuUr 




- Flake 


aciasJar 


1.7 


1.7 


4.S 


2.3 


0,19 


0 


0 


0.13 


0.36 


0 


0 










416 




0 


0 




52A 


0 


0 


19X6 




0 


0 


42.M 




i):n 


1.9 


17.56 


* /ifl'XX 




9.7 


10.64 








5.62 


34.S9 


71.65 


50.4 




16.17 


24.43 


21 6 




10.42 


2.82 


16.4 





Staffer located at Zone 5 Vv^as used to ir-troduce the 
csrbon fillers into the polymer melt. Two Schenck 
AccuRati? gxavimeinc f-ix^deni were iJ.«iti to accurately 
control tlrse atnoatit of each material added to the 
extruder. 

After pressing tlirough the extruder, tire polymer 
strands (3 in cLicJineter) etiterecl a water bath a!\d 
tb.en a pellefeei- that produced nonimally 3 vsmx long 
peiiets. After compounding, the pelietized composite 
resin was dried again and then stored iii moisture 
barrier bagj; prior to j.tijediion mokiing, 

A Niigata i-^j^iction inolding rsiachi:ne, xs\odel 
NES5UA4, was used to produce test specimeiis. TItIs 
roachirse has a 40 mm diiinierer 5;ingle screw with a 
length/ diajxteter riHio of 18, Hie ler-gil-s of tht> teed, 
compressioEV and. jneterir.g sectiosis of the sirjgle 
screw are 396, 180, and 144 nmi, respectively. The 



temperature profile typically used was in Zone 
1 (nearest feed hopper), SO/'^C in Zones 2 and 3, and 
31;5'^C in Zone 4. A four-cavity mold was used to 
produce 3.2 xwm tirijck ASTM Type I tensile bars (end 
gated) and 6.4 cn'i diameter disks (end gated). The 
thermal, rsnd eiectxical conducilvity of aii formuJations 
were deti^rmii]<:xL Prior to condu<.i:ir'.g a:tiy t^jsts;, ti\e 
samples xvere all conditioned at and 50% EH for 
83 h and then tested.^^ 



Througli-plane theimal conductivity test method 

Ilie through-'pla.ne thermal conductivity of a 3.2 rr^-n 
thickr 5 ail dlatntjter dis;c-*haped te:>t spea^x-eri was5 
measured at 55*C using a Holornetrix Model TCA-300 
Thetmal Conductixaty Analyzer, according to the 



TABLE IV 

Sinde Hllex Loading Levels in Vectra A950KK 



Piller concei'j Uvj tiorw 



FUler Wt % Vol % 

Keti<^^bl^k HC600 TD 2.5, 4.0, 5.0, 6.0, 7.5, 10.0, 15.0 i.?, 3.1, 3.9, 4.7, 6-0, S.O, 111 

Thsnnocarb TC-3C0 synthetic grapldte -10.0, 60.0, 70.0 29 J, 48.4, 59.3 

4012 synthetic graxriiite 40.0, 60.0, 70.0 29.3, 4S.4, 59.3 

3160 nauiral llak^? V^^^^i^^^? ^-G- ^'^-C* "^^'^^ ^^"^ 

C^kinod needk; coke P10.3A 40.0, 60.0, 7C.0 30.% 50.2, 61.4 
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For Scryw Type EBcmeints 

GFA'-d-ee-fT 

G - co-rotating 

F conveving 
A Free-Meshing 
(). - number of threads 

ee " pitch (length In mi slimes ess for one complete rotation) 
ff ~ length oi'scrcsv elements in miilimeters 

Kneadmg dbks 

KB kneading block 

j - number of kneading scgrncnts 

d F number of threads 

k =^ length of kneading block in miUinieiers 

I twistinji i3ir:gic of 03© in<Iividxia] kneaiding scgrtscnts 



K»i2admg di»k« 
KSi-d-hh-i 
KS I Kneading disc 
d number of ihreads 
h lengtJi of kneaditig iiisc L»i tniHimetei 
i - A .fct iniiial disc at3d }?, for end disc 

OL') to 4I> is Zone 1 (w.^ner cooled, not healed) 
4D to 8D is Zotie 2 and I-feUing Zone 1 
8D to I2D is Zone 3 acid Fleatisig Zcrae 2 
1 2D to i 6D is Zone -1 and Heating Zone 3 
16D to 2GD is Zone 5 aaid Heating Zone 4 
20L5 to 24D is Zone 6 and Heating Zone 5 
24D to 2SD is Zone 7 and Heating Zone 6 
280 to 32D is Zone S and FleaJing Zo3)e 7 
32D to 36D is Zone 9 and Heathyg Zone 8 
36D to 40D is Zone 1 0 zxA Heating Zone 9 
No//.[e is' [-iei^tiijg Zone }0 



F'gwie 1 F.>:f.Tader screw design. 



STM F433 o-iiarded heat flow meter method.^^ For 



each fcrri-:uktion, four samples were rested. 

Through-plane eiectiicai resisiivity test sxiethod 

For Scmiples with asi electrical resistivity >10^^ ft-cni, 
throuKbs-platie (also called bransfvorse), vohixn^jixU: 
elecirical coi\dticlivliy test was conducted. Ir^ this 
method, a constant voltage (Ivpically IQO V} was ap- 
plied to the molded test sj^ecivr^en jmd the resistivity 
vvi3is irseafjured accordixig to A SIM D237 \ism% a 
Kdthley 65i7A Electrometer/Higlri Reslstarice Meier 
and an 8009 Ressstivdfc)' Test Fixture.^^' The Keithley 
6524 High Resistance Measitrement Software was 
o.sed lO «utoij\ate the c<mdut.i:ivity inea^sixre-nexit. For 
each formal atioxj, a onixsitnuin of six specirnetvE; were 
tested. Eadi test specimen was an irvjection-molded 
disk t^iat was 6.4 cni in diameter and 3.2 mm thick. 

In-piane electrical resistivity test melijod 

The vokimetric in-pLine (als^o called longitudinal) 
electrical resljitivity was meiistxred on all saix-ples witl: 
an electrical re.sislivil'v <10'^ il-cm. Test g;p.ecimei:is cat 



from the center gauge portion of a tensile bar xs^ere 
surface grotmd on all sides and then ait into sticks 2 
xniTt wide by 2 nun thick by 25.4 Ji-rn kmg. Typically, 
for each torxp.iilatior-, a total of six *pecin\ens %vere cut 
from a single tensile bar, and three teiisile bars were 
typically iised to obtain a total of 18 test spedmens.'^^ 
Hiese samples v/ere theEi test^jd using the foxar probe 
tedrmique. TtAs tecisniqvze mea.sures rejsLstivity by ap- 
plying a constant current (tvpically 5-10 mA) and 
measuring the voltage drop over the center 6 mm of 
the san5]f)le.^ A Keitl-Iey 224 Frogrannnabk Current 
Source ar.d KeithJey 182 Digital Setuative Volmieter 
were used. Equation (1) below is then used to caloilate 
the electrical resistivity. 



ER 



(1) 



where ER is tlrie electrical resistivity in fi-cm, AV Is the 
voltage drop over center 0.6 cm of sample ii^ voltS/ v? 
is the sample width in cm, f is the sample ?hic]*3iess in 
axi, i is rlie i:\3rrejit In amps, aful L 1*5 the length over 
whicii aV is Grteasured (0.6 crn) 
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Figure 2 OpUcc-J. micrograph by refiecied light- of an in-plivne ekci 
TC.-300 swiheric graphite in Vtjchra A950RX X200 m;ignific3no.n. 



Xncal re&isMvhy sample conicUtiuig 60 % tljeriYiocarb 



Filler orientation test method 

To delerniine the orientatioa of the carbon tillers, a 
poii^ihed cox'ftposite sample wr^s viewed asing an op- 
tical iXiicrosciope, Bec:ax3$e of the tiiTiAil :>i5ce of 1:he air- 
hon black {aggregates 30-:iG0 pan ii\ sizQ), Uie orienla- 
tiori of only the 3>Tsthetic graphite, natural fiake 
grap.hite, and cakir.ed cokepartides were determined. 
For each fornvulation, an in-plaxie i;le<.^rica3 reslsftiviiy 
sianvple was cast ii\ epoxy so thai ik\e direcrfion of flow 
induced during the injection molding process, which 
was also the db:<?ctiorj of ER measurement (lengthv/ise 
dixectiojV)/ would, be viewed. For the througb.-jjbjie 
thermal conductivity samples, t]\e center p>ortion was 
cut out of a disk and set in epoxy such that the tltrough 
the sample thickness (3.2 mm) face coi.ild be vieived. 
The sa-xiples were then po].i$5i\ed ar.d. viewed us-mg ax- 
Olympus BX60 reiOecled ligl'ii microscope at a jnagni- 
fication of iOOX or 200 X. The images were then pro- 
cessed using Adobe Photosiiop 5.0 and the Xniage 
Pro(:t2ssing 'I ool Kit versiox? 3.0. For each for-xtulauon, 
tl\e ona:ttatioj\ was determim?d by \T.ewix?g typically 
1000-2000 particles. 

Filler orientation resuli^ 

As discussed previously, the KUer odentxifcion nngie 
wjas nwussxiri^d by o]>ti<::aI !X:icros<:opy- lire angl<: of 
interest was the devia'doxi of the filler away from ilie 
direction of conductivity measurement. All of the an- 
gles Vv'Ui be between 0"^ and 9Ci''. An angle of 0* signi- 
fies that th.e fillers are aligned parallel to the meas\3re- 
merit direc-tiori. An axv^de of 90"^ ii^eap^s tliat tj:ie fillers 
are perpendicular (transverse) to tiie measurement di- 
rection. 

FifiTure 2 sho%vs a phototnicrofirraph of an in-plaxie 
electrical resistivity sasnple corstaitu:\g 60 wt % Tner- 
moca: b TC-3G0 Synthetic Graphite in Vectra A950RX. 
T.his figijxe clearly shows that most of the fiUers are 
orkinted ixi lire directiox: of elecixical catidt3.ctivi!y 
measurejxietxt {tneaix orieniaiion angle was 24"^). Tnis 



wij* the ca$5e for ail Ihe sajx-pltrs ix: tiris stud^ i^ixd it 
agrees with prior work/'* 

Figure 3 shows a photon^icrograph or a tliicugh- 
pbine thermal cond^jctivity sample contairung 40 wt % 
<:ak:ined xieiidki o>ke F108A hi Vectra A9v^0RX. This 
fieure cleajiv shows th.at most of the fillers ajre ori- 
ep.ted transverse to tl\e therrr-al conducti\i.ty measure- 
ment direction (mean orientarlon angle w^is 52""). This 
WiJS the case for ail Ihe sajx-ples ixi tlxis study atid it 
agrees with prior wor.tc.~^ 

'I*hexn?al conductivity resx3lts 

Figuxx^ 4 shows tine jxiean through-plane t]\errnal coir- 
ducti^iiy as function, of filler volur^ae fraction. These 
formulations correspond to tiiose shown in iable IV. 
The tne-ap. tixermixl a>tTd\3c:tivxty of the pure Vectra 
A950RX was 0.22 W/mK. T\\e sUmdiird deviation was 
fvTOcally less than 5% of the mean. 

Several observations can be made from the results 
shown XEX Figure 4. First, the coxiV{>osites coixtainhig 
carbon black had a lower ii5ern'ial conductivity as 
compared to the odiers. Second, the composites con- 
f^Jning both syniiietic graphites and the natural, flake 
graphite hi^d. shnibr tfiermal conductivity at 4D imd w) 
wt % {293 and 48.4 vol %) filler. However, at the 70 wt 
% (59.3 vol %) fHier, the composites containing Tlier- 
mocarb TOBOO had a higher tliermal conductivity- of 
2.3 VY/ixsK vtjrsxis 2.0 V^^/^^K for the olher Iwo grijph- 
lies- The cocnposiies coixtalnine calcined coke had. a 
thermal conductivitv approxin\ately half that of the 
composites containing graphite. I'his result was ex- 
pected bej4:ause caldtred coke has a lower thijrxnal 
co-xduciivity, since it does jxot Ixave a graphitic crys- 
talline stracixire. 

Becfcdcal resistivity re.'5ulis 

Figure 5 shows the log (electrical resistisTity in il-cm) 
for composites contairdng varj'ing amoxmis of single 
iillers as a function, of filli^r volxime fraciiioix. In. ihiji; 
Hgurey all tirie data points have been plotted. Figure 5 
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Figt;?c 3 Thro-jgh-pUine cor.ductivjcy saiinple con- 

tciiiiiag 40 wt % oilcined needle coke F108A in Vecto 
A950KX at X1{K; inagn3fic:ati()n. 



follows the typical electrical resisiivitr/ ciir\''e. At low 
Mer loadinijs, the electrical resi^Mvity remains similar 
to that of the pure pc);:yx:xer. Jimtx at a poix:t called the 
percolalion tliret^oid, the resistivity decreases dra- 
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Figtinj 4 Througli-piarie tliemial conductiviiy reaseiits. 



niatically over a vety narrow vav.ge of fUier cort.cenbra- 
tioTs. At higher filler loadings, the electrical resistivity 
begins to level out again at a value n^my orders of 
njagtiihscje lower than of &e yxtm polyi^ser:'"'^ ' 

Figure 5 shows tlxat carbon black is effective at 
increasing the electrical condytctivity (1 /electrical re- 
sistivity) at low Mer loadirjgs. The pxire Vectra 
A950RX has a :nea;\ electrical resistivity of 2,2 X \6^^ 
ii-ax) (vendor literature states 10^" Xi-crti)?- At tl\e 
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highest filler concentradoiv the carbon black produced 
a mean composite resistivity of 2 fi-cm (15 wt % ~ 12 

vol %). Tlie$ie eleclncal njsistiv'iry ;re.t-ults; are sitnilar to 
tlxose reported el^^evvhere.'^'^^ 

Figure 5 shows thrit the Them\ocarb syp.liietic 
graphite had the iov/est mean electrical resistivity at 
6.4,* 0.26, and 0.11 ft-cns for the 40, 60, And 70 wt % 
(293^ 48,4, and 593 vol %) coraposite?;, respectively. 
The composites containing synthetic graphite 4012 
had mean electrical resist! si.t)'' values of IS, 039, and 
0.28 .a-cni for the 40, 60, and" 70 wt % (293, 48.4, and 
59.3 vol %) composltefv re.>rped;ive)y, 'ilse coriiposile^j 
coniainiog itatmral S&ke grapluie had tnean electrical 
resistivity values of 15y 0.55, and 0.21 (l-cm for the 40, 
6a and 70 wt % (29.3, 4S.4, and 59.3 vol %) composites, 
resipecti.vely. Hexice, fhi- oo!Xspos;ite?s ctmtauusigiiarjra! 
flake graphite and 4012 syatJ-tetic grap]\ite had 3itni.lar 
eiecixical resistivity values. The composites containing 
calcined coke .had mean, electrical resistivdty vahies of 
33, 1.4, and 0.5? fi-cir: for the 40, 60, and 70 wt % {30.S, 
50.2, and 6 1.4 vol %) con\oosiies, raTOeclivelv. H\ese 
values for convposites containing caidiied coke are 
approxmntely twice that of the composites contahiing 
nauira] flake graphiio or 4012 $;ytrthetic graphite. 
Ho%vever, the electrical co;adac:tivliv results for t]\e 
composites containing calcined coke are higher than 
fha authors expected because of the lack of a graphit3.c 
<:rystal struchare. 

CONCLUSIONS 

The goal of thi.-s project was to <k:tc:r?riitre which carbon 
filler prcsduced a .coKipo.sile wiUi t]\e lug^iesi thermal 
and electncal conductivil^v'. Carbon black did signifi- 
cantly increase t.Ke composite electrical conductivity at 
relatively low filler loadix-gs (7.5, 10, and ISwt %),but 
had little inipact o:n composite therrtjal conductivity. 
Composites contairing Thermocarb TC-300 synthetic 
graptdte had the highest therniiil and electrical con- 
diKtivily, "Qiis re.si3lt is quite likely dmi to the higi- 
pttdiv aj\d crvstalHnlty o£ this synttietic o-raphJte. 
Coinposites containing sv'ntheiic graphite 4012 and 
the nisnjral flake graphite had similar thermal and 
el<3Ctri.<al cotKhicllvxiy. Coir!posite.s ctjntupJng Ciii- 
cir.ed needle coke, wliich does not have a graphitic 
crystalline stnsctare, had thenrial and electrical con- 
dudivity values about half that of the composites 
contcsifxing statural flake graphite a.tid syxithetic graph- 
ite 4012. Thie electrical conductivity resulfei for the 
composites containing calcined needle coke are higher 
than that the authors expecte<L 
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